The hydrogen isotope ratio (D/H) is commonly used to reconstruct the chemical processes at the origin of water and organic compounds in the early solar system. On the one hand, the large enrichments in deuterium of the insoluble organic matter (IOM) isolated from the carbonaceous meteorites are interpreted as a heritage of the interstellar medium or resulting from ion−molecule reactions taking place in the diffuse part of the protosolar nebula. On the other hand, the molecular structure of this IOM suggests that organic radicals have played a central role in a gas-phase organosynthesis. So as to reproduce this type of chemistry between organic radicals, experiments based on a microwave plasma of CH 4 have been performed. They yielded a black organic residue in which ion microprobe analyses revealed hydrogen isotopic anomalies at a submicrometric spatial resolution. They likely reflect differences in the D/H ratios between the various CH x radicals whose polymerization is at the origin of the IOM. These isotopic heterogeneities, usually referred to as hot and cold spots, are commensurable with those observed in meteorite IOM. As a consequence, the appearance of organic radicals in the ionized regions of the disk surrounding the Sun during its formation may have triggered the formation of organic compounds.
hydrogen isotopes | meteorites | cosmochemistry | methane plasma | insoluble organic matter C arbonaceous meteorites are regarded as the most pristine state of the volatile-rich building blocks of solar system planets. The abiotic insoluble organic matter (IOM) isolated from these meteorites hosts most of the volatile elements (H, C, N) that constitute the Earth hydrosphere and biosphere (1) . Planetary hydrogen, in organic molecules or in water, exhibits systematic deuterium (D) enrichment relative to the protosolar H 2 (2) Water ] that was circulating on meteorite parent body during hydrothermal events (7, 8) . Because all types of isotopic exchange between water and organic bonds, under equilibrium or not, should result in the opposite distribution [i.e., (D/H) Organic < (D/H) Water ], this observation can be regarded as a signature acquired before the accretion of the meteorite parent body.
In the IOM, submicrometric domains were detected by nanoscale secondary ion mass spectrometry (NanoSIMS) (9, 10). They exhibit enrichments or depletions in D (referred to as hot or cold spots, respectively) compared with the bulk D/H ratio of the IOM. The D/H variations (up to a factor of 3) exceed, by far, any known isotope fractionation mechanism that could have taken place between organic bonds. They are thus interpreted as remnants of interstellar grains (9) (10) (11) (12) , mechanically mixed with the IOM. In summary, the D/H ratio of the IOM raises two questions: (i) What is the origin of the bulk enrichment in D, and (ii) what is the origin of the isotopic heterogeneities at the micrometer scale? Answering these questions should provide information about the physicochemical conditions of the organosynthesis in the early solar system. Because there is no scientific consensus about these questions, we explore another origin for these isotopic enrichments, associated with organic radical reactions.
A major role of organic radicals in the formation of the IOM is supported by the reconstruction of its molecular structure (13) . The proposed pathway involves successive additions of CH x
• radicals (x = 0-3; the dot designates a radical) leading to short chains followed by their aromatization. Moreover, UV photodissociation is known to induce bond homolytic cleavage, leading to organic radicals. The T-Tauri Sun being an intense UV source, such a strong generation of organic radicals could have taken place at the surface of the protosolar nebula. If this mechanism would account for the isotopic enrichments and heterogeneities observed in the IOM, it would imply a profound change in the broad perspective about the origin for the solar system. Indeed, an interstellar D-rich source would be no longer a prerequisite. We therefore tested this hypothesis in an experiment in which organic radicals, produced by the dissociation of CH 4 , govern the condensation reactions. Experimental devices based on microwave-induced plasma of CH 4 were shown to produce radicals in the gas phase, which yield macromolecular organic matter through condensation reactions (14) . At this stage, it is important to note that the experimental device (plasma vapor deposition) is not supposed to reproduce the physical conditions or the chemical compositions of the protosolar nebula but to produce, in a gas phase, a high density of organic radicals. In this respect, CH 4 should be considered only as a source of radicals rather than actually present in the protosolar nebula.
Significance
Large variations in light element isotope ratios (H, N, C) are routinely observed in meteorite organic matter. The origin of these so-called anomalies is not accounted for by the classical theory of isotope fractionation. In the case of H, micrometersize areas within the insoluble organic matter (IOM) isolated from meteorites by acid treatment, exhibit extreme deuterium enrichment. They are generally interpreted as components exogenous to the solar system and attributed to surviving interstellar grains. In the present paper, these H isotope anomalies were reproduced in the IOM synthesized through laboratory reactions involving CH x
• radicals formed in CH 4 plasma. Therefore, these anomalies may result from the chemistry occurring in the disk surrounding the Sun during its formation. 
Results
In the present experiment, the formation of the CH 4 plasma led to the deposition of a black residue onto the glass walls of the reactor (Materials and Methods). This residue was mechanically scraped from the glass walls and submitted to organic solvent extraction to remove the soluble organic molecules. The insoluble leftover fraction (referred to as IOM) was prepared for NanoSIMS analyses.
The D/H ratio and the ionic intensities of the molecular ions C . Although most areas of the IOM are isotopically homogeneous ( Fig. 1 A and B) , 134 and 224 areas were shown to exhibit D enrichment and depletion, respectively, termed hot and cold spots (Fig. 1C) . The isotopic ratios of the ROI are hereafter expressed in δD(‰) IOM relative to the average D/H ratio, with δD(
.1000. The ROI show δD IOM values ranging from −590‰ up to +965‰ (Table S1 ), markedly out of the range (0 ± 110‰) defined by the average δD value.
The distribution of the ROI δD IOM values listed in Table S1 is shown as a histogram (Fig. 2) . In this histogram, the aforementioned 134 and 224 areas show, respectively, positive and negative departures in δD values. Because our analyses were focused on these isotopically anomalous zones, their relative contribution to the bulk sample cannot be precisely calculated from the present data but should not exceed 1%.
The δD IOM distribution function (100‰ steps) shows five occurrences (five peaks) of high (+180‰, +520‰, and +980‰) and low (−280‰ and −480‰) δD IOM values ( Fig. 2A) . Because the data were, on purpose, recorded randomly, these five peaks in the distribution must correspond to five different isotopic compositions of the IOM. The weighted average for all of the positive and negative δD IOM values lying outside 0 ± 110‰ is equal to −52‰, showing that the isotope mass balance is achieved between the five compounds.
In Fig. 2B , the ionic ratio
C − measured on the same ROI was reported. This ionic ratio can be regarded as a proxy of H/C atomic ratio. However, note that these two ratios are not linearly correlated. Despite rather large error bars on these measurements, it can be assessed from Fig. 2B that the ROI exhibiting enrichment and depletion in D correspond to small domains of IOM depleted in H (i.e., with a higher aromaticity than the bulk sample) and thus should result from H abstraction reactions.
Discussion
Chemical Reactions Accounting for the Isotope Fractionation. In the plasma, the dissociation of CH 4 is achieved by electron impact. A high density of neutral molecular radicals CH x
• is maintained in steady state at 1,600 K (14−16) (Fig. S1 ). Because δD values vary with the H/C ratio (Fig. 2B) , it can be supposed that the isotopic fractionation is associated with variations in the molecular structures of the deposited matter. Molecular analyses of the bulk IOM revealed the occurrence of aliphatic linkages between aromatic units (17) . The formation of aliphatics being precluded in the gas phase where the temperature is around 1,600 K, these linkages are consistent with a formation onto the cold (350 K) surface of the reactor walls, through radical polymerization.
The origin of the isotopic fractionation in the IOM can be attributed to the isotope exchange reaction
The decomposition of the complex [CH x+1 D]
• is also possible via
with x ranging from 0 to 2 (18) . The radicals CH 3 • , CH 2 • , and CH
• are then involved in successive reactions (Eq. 2) with other organic molecules yielding different IOMs that ultimately condense on the walls of the apparatus while H/H 2 or CH 4 remain in the gas phase.
[2]
The origin of the isotope effect could be explained by trajectory calculations for the atom−molecule collisions described in more detail in Supporting Information. However, applying an isotopic mass balance to reactions 1a and 1b, we can write ðD=HÞ CH x+1 = y αðD=HÞ CH x+1 + ð1-yÞðD=HÞ CHx .
[3]
The D/H ratio refers to the IOM formed from the radicals designated by the subscripts, α stands for the isotopic fractionation factor, and y and 1 − y are the relative proportions of CH x+1
• and CH x
• , respectively. The two parameters α and y govern the decomposition of the complex and the stabilization of the radicals under the form of IOM.
Considering CH 4 as an infinite reservoir, the steady state can be applied to all of the reactions involving CH x and CH x+1 . The five peaks in Fig. 2A are ascribed to five types of IOM resulting from the condensation of five types of radicals having different δD IOM values (see Supporting Information). As a first approximation, we assume that α and y are constant for all of the reactions; α is related to the measured isotopic variations via α = 1 + δD IOM /1,000. Adjusting numerically α = 0.4 and y = 0.3 in Eq. 3, we found (i) for CH 3 D+H, δD(CH 3 ) = +260‰ (measured peak at +180‰; note that CH 4 and CH 3 D do not condense), (ii) for CH 2 D
• +H, δD(CH 3 ) = −487‰ and δD(CH 2 ) = +580‰ (measured peak at −480‰ and +520‰, respectively), and (iii) for CHD • +H, δD(CH 2 ) = −370‰ and δD(CH) = +987‰ (measured peak at −280‰ and +980‰, respectively). These results are in reasonable agreement with the present experimental data (Fig. 3) . The details and significance of this calculation are reported in Supporting Information.
Cosmochemical Implications. Fig. 1D shows an example of a NanoSIMS image of the D/H ratio in hot spots measured in the IOM isolated from Murchison meteorite. As in Fig. 1C , it exhibits microdomains where the D/H ratio exceeds, by far, the statistical distribution of this ratio recorded in isotopically homogeneous regions as in Fig.  1A . In the IOM from Murchison, the domains appear as spots, contrary to the IOM from CH 4 where the domains exhibit a more diffuse aspect; this is likely because, in the meteorite sample, these domains are present as distinct grains in the mineralogical matrix and are mechanically mixed with the bulk IOM. Nevertheless, the chondritic IOM shows clear isotopic similarities with the presently synthesized IOM.
As shown experimentally, the polymerization of organic radicals can yield isotopic heterogeneities in the D/H ratio of the condensed organic matter. In addition, organic radicals account Another similarity lies on the molecular structure of both chondritic and synthetic IOM. In a side experiment, the IOM synthesized from octane plasma was investigated through various spectroscopic and degradative techniques and was shown to reproduce most of the hydrocarbon skeleton features of the chondritic IOM (20) . The synthetic IOM from the CH 4 plasma is also similar to that synthesized from octane plasma (17) . Taken together, these isotopic and molecular similarities suggest that radical reactions have played a major role in the formation of the natural chondritic IOM. Moreover, some rare micrometeorites and interplanetary dust particles exhibit δD values in organic matter even higher than in hotspots [up to +14,300‰ and +30,000‰, respectively (10, 21) ]. Such huge isotopic fractionation may be due to a much larger contribution of the reactions H+CH x than that in the present experiment performed with pure CH 4 . Indeed, theoretical calculations show that the CH 2
• /CH 4 ratio increases by a factor of 5 for an H 2 /CH 4 mixing ratio increasing from 0:100 to 95:5 (14) .
Although the physical process at the origin of the production of organic radicals in the protosolar nebula (UV photodissociation, cosmic rays . . .?) should still be considered as an open question (22) , the significant isotopic fractionation associated with polymerization reactions of organic radicals must be considered as a possible additional process playing a role in the D enrichment observed in solar system organic compounds. A chemistry involving radicals would account for the two issues mentioned in the Introduction, namely (i) the isotope exchange reaction between CH 3
• and H 2 is likely fast, even below 200 K, resulting in deuterium-rich CH 4 in the gas phase (23) , and (ii) the IOM condensation would yield both isotopic hot and cold spots.
Materials and Methods
Synthesis Device. Irradiation experiments were performed in a high-vacuum glass line equipped with two pressure gauges to control the pressure of the gases on the way in and way out of the reaction. The glass line was fitted with molecular and primary pumps on the way out, as all of the experiments are performed during the constant flow of the gases. The reaction setup, similar to the so-called Nebulotron (4), includes a removable U-shaped Pyrex tube where the synthesis takes place (1.2 cm diameter, 10 cm in length). A flow of methane was dynamically pumped, and the pressure was maintained at 3 mbar. An Evenson cavity (24) was used to excite microwave discharges with a 2,450-MHz microwave generator (Opthos Instruments), and the reflected power on the microwave generator was close to 0 W.
In the absence of refrigeration, the temperature of the glass walls measured on the outer surface of the Pyrex glass rises up to 72°C. Before each experiment, the high-vacuum glass line was cleared of any possible contaminants. The entire system was heated to 100°C under the vacuum for several hours to remove water and other trace gases that may adsorb on the surfaces of the chamber. After 3 h of reaction with CH 4 , 130 mg of organic matter were deposited. The synthesized material was extracted with a mixture of dichloromethane/methanol (2/1 vol/vol) by magnetic stirring at room temperature, and the IOM represented 99% of the total collected organic matter.
NanoSIMS Analyses. Elemental and isotopic measurements were performed with the Cameca NanoSIMS 50 at Muséum National d'Histoire Naturelle. The powdered sample was deposited on gold sample holders. Secondary ions were imaged in two different sessions, using a cesium primary beam. The determination of the secondary ions intensity for , with almost no change in the preset of the instrument. Therefore, the two sets of data correspond almost exactly to the same location on the sample (±0.5 μm).
Before H − , D − analysis, a 25 × 25 μm 2 surface area was presputtered for 8 min using a high primary beam current (i.e., 500 pA) and a 750-μm-aperture diaphragm. For 12 CH x − analysis, the 25 × 25 μm 2 surface area was presputtered for only 2 min using a primary beam current (i.e., 50 pA) and a 300-μm-aperture diaphragm. The primary beam was rastered over a (20 × 20) μm 2 surface area divided in (256 × 256) pixels 2 with a 200-μm-aperture diaphragm for 80 cycles. The counting time was set to of 1 ms per pixel.
The mass resolution power was ∼4,300. The summation, pixel by pixel, of the 80 cycles yields one single image, then divided in nine ROI. For each image, the counts per second (cps) for H were of the order of 3 × 10 5 cps by ROI. The cumulated H − and D − counts for the 80 cycles were around 3 × 10 7 and 1,800, respectively. The corresponding statistical error on the D/H ratio was about ±50‰ (2 sigma) in each ROI. The present study was focused on the abnormally D-enriched or depleted regions of the studied sample. A kerogen sample having a known δD SMOW value (−81‰ ± 2) was used to calibrate the instrumental isotope fractionation. Using the same procedures as those used to determine the IOM deposited from CH 4 , we found, for this kerogen sample, δD(‰) Measured-SMOW = −362 ± 20‰. Using the instrumental fractionation between measured and known δD values for this kerogen, we found, for the IOM deposited from CH 4 , a δD(‰) SMOW = −202 ± 37‰. This value is in agreement with the δD(‰) SMOW (−227 ± 2‰) determined by standard methods on gaseous CH 4 and confirms that, at a bulk scale, no isotopic fractionation takes place during the condensation of the radicals from the gas phase. Fig. 3 . Comparison between the numerical results obtained from Eq. 3 and the experimental data (i.e., the peak δD values reported in Fig. 2 at +180‰, +520‰, +980‰ and at −280‰ and −480‰). The 1:1 line is drawn for reference. The black dots correspond to α = 0.4 and y = 0.3. The precision on the calculated δD IOM values was calculated from ±0.05 random variations on α and y. The precision on the measured δD IOM values is ±100‰, i.e., the width of the step used to construct the histogram reported in Fig. 2 .
